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ABSTRACT This paper studies the beamforming designs for simultaneous wireless information and power
transfer systems in two-way relaying (TWR) channels. The system consists of two energy-constrained source
nodes which employ the power splitting (PS) to receive the information and the energy simultaneously
from the power-supply relay. To maximize the weighted sum energy subject to the constraints of the
quality of service and the transmit powers, three well-known relaying protocols, i.e., amplify-and-forward,
bit level XOR-based decode-and-forward (DF), and symbol level superposition coding-based DF, are
considered. For each relaying protocol, we formulate the joint relay beamforming, the source transmit power,
and the PS ratios optimization as a nonconvex quadratically constrained problem. To solve the complex
nonconvex problem, we decouple the objective problem into two subproblems in which one is to optimize
the beamforming vectors while another is to optimize the remaining parameters. We show that the optimal
solution of each subproblem can be obtained in the closed-form expressions. The solution is finally obtained
with the proposed convergent iterative algorithm. Extensive numerical results demonstrate the advantage of
adapting the different relaying strategies and weighted factors to harvest energy in TWR channels.

INDEX TERMS Beamforming, energy harvesting (EH), simultaneous wireless information and power
transfer (SWIPT), two-way relaying (TWR), power splitting (PS).

I. INTRODUCTION on, SWIPT was extended to a frequency selective chan-

Energy harvesting (EH) from surrounding environments is
an emerging solution to prolong the operational time of
energy-constrained nodes in wireless networks [1]-[6]. Com-
pared with conventional energy sources, radio frequency (RF)
signals can carry both information and energy simultane-
ously. Simultaneous wireless information and power transfer
(SWIPT) has recently drawn significant attention for var-
ious wireless channels [7]-[15]. For example, a point-to-
point single-antenna additive white Gaussian noise (AWGN)
channel was first studied in [7], the fundamental performance
tradeoff for simultaneous information and power transfer
was studied by using the capacity energy function. Later

nels in [8]. Liu et al. [9] studied SWIPT for fading chan-
nels subject to time-varying co-channel interference. In [10]
and [11], SWIPT schemes with multiple-input-multiple-
output (MIMO) channels were investigated. The transmit
beamforming design was studied for SWIPT in multiple-
input-single-output (MISO) broadcast channels in [12]
and [13]. Moreover, SWIPT was investigated in other
physical layer setups such as the OFDM, and more
in [14] and [15].

All the above works consider the one-hop transmis-
sion, which, however, is usually impractical in the long
distance scenario. To evaluate this issue, the authors

2169-3536 © 2017 IEEE. Translations and content mining are permitted for academic research only.

VOLUME 5, 2017

Personal use is also permitted, but republication/redistribution requires IEEE permission. 9235

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



IEEE Access

W. Wang et al.: Beamforming for SWIPT in TWR Channels

study the potentiality of SWIPT in the wireless relay
networks  [16]-[23].  Krikidis et al. [16] and
Nasir et al. [17] considered a one-way single-antenna
amplify-and-forward (AF) relay networks, where the time
switching (TS) and power splitting (PS) protocols are pro-
posed. Specifically, SWIPT was extended to a wireless-
powered MIMO one-way relay channel in [18], where the
relay is able to harvest energy from the destination and simul-
taneously receive the information signal from the source.
Since the two-way relaying (TWR) system can further
improve the spectral efficiency, it is potential to use the
SWIPT protocols in the TWR scenario. Chen et al. [19]
considered a two-way AF relaying networks with SWIPT,
where an energy harvesting relay node is used to cooper-
ate in exchanging the information for two source nodes.
Tutuncuoglu et al. [20] studied the sum-throughput maxi-
mization problem in a two-way AWGN relay channel, where
all nodes are powered by EH. Particularly, the authors consid-
ered a SWIPT AF TWR channels in [21], where two source
nodes harvest energy from multiple relay nodes. Li et al. [22]
studied the relay beamforming design problem for SWIPT
in a non-regenerative TWR network. Moreover, for the AF
relaying strategy, Wang et al. [23] considered a SWIPT TWR
network where the two source nodes are powered via wireless
energy transfer from the relay.

A. MOTIVATION

Recently, most studies on SWIPT in relay networks focused
on energy-constrained relay nodes [16]-[20]. Since that the
limited batteries are usually used for the terminals, it is diffi-
cult to prolong the operation time for the requirement of the
increasing traffic. To provide a convenient way for charging
the batteries of the terminals, therefore, to employ the EH
is an efficient way worth trying. Therefore, in this paper,
we consider a SWIPT TWR system with battery-limited
source nodes and a relay node which servers as a source
of energy (will be described in details in the Section II).
Under this setup, the source nodes receive information and
energy simultaneously from the signals sent by a relay node.
Furthermore, to enhance bandwidth efficiency and power
transfer efficiency, we assume that the relay node is equipped
with multiple antennas. This setup applies to lots of practical
wireless transmission scenarios. Since TS can be regarded
as a special case of PS with only binary split power ratios
[9], [10], we focus our study on PS receivers instead of TS
receivers.

B. RELATED WORKS

To the best of our knowledge, a few works have been done
on SWIPT TWR systems with the battery-limited source
nodes [21]-[23]. Liet al. in [21] and [22], studied the optimal
relay beamforming design to maximize the sum rate subject
to the constraints of the transmit power at the relay and the EH
at source nodes. However, in [21], the source node is assumed
to be able to simultaneously decode information and extract
power which is impractical. In contrast to [21], Li et al. in [22]
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considered a more complicated system with separated EH
and information decoding (ID) receivers. In [23], we stud-
ied a PS-based SWIPT TWR system where the received
signal at the source is split for ID and EH. Nevertheless,
it is worth pointing out that all existing works [21]-[23]
were only investigated the AF relaying strategy. Furthermore,
some related works without EH scenario were also proposed
in [24]. Because the EH constraint is non-convex, the pro-
posed resource allocation and beamforming designs are more
challenging than the conventional TWR networks. In this
paper, we propose joint transceiver design schemes for the
wireless-powered TWR channels with SWIPT. In particular,
we consider three simple and practical relaying strategies: AF,
bit level XOR based decode-and-forward (DF-XOR), sym-
bol level superposition coding based DF (DF-SUP) as [24].
Besides, unlike the SWIPT studied in the existing works,
we consider a utility optimization problem, i.e., maximize
the weighted sum energy at the two battery-limited source
nodes subject to the constraints of the received signal-to-
interference-and-noise ratio (SINR), the PS ratios and the
transmit powers. Since in some scenarios, a large number
of terminals will be operating in close vicinity, SINR is an
important metric to valuate the throughput while maximizing
energy transferred of the terminals by the relay. The latter
maximizes the operational time of the terminals which is
particularly important for the energy-constrained scenarios.
To the authors’ best knowledge, the joint design of the beam-
forming, power allocation and PS ratio is still a blank field
for our proposed scenario.

C. OUR CONTRIBUTIONS

With above illustrations, a PS-based SWIPT TWR system
is considered in this paper. Different from existing works,
we consider a utility optimization problem aiming to maxi-
mize the weighted sum energy by jointly optimizing design
of the transmit power, the PS ratio at the sources and the
beamforming matrix at the relay. Moreover, various relay-
ing strategies may result in different transmit signals at the
relay node. The impact of various relaying protocols on the
amount of harvested energy has not been considered in exist-
ing studies. Besides, another challenging doubly-near-far
problem [2] could be mitigated effectively by setting different
EH priorities for different source nodes.

The main contributions of this work are summarized as
follows. Firstly, different from the pure relaying strategies,
we propose the optimal relaying protocols that included a
new signal, which provides more degrees of freedom (DoF)
to optimize the power transfer from the relay to the source
nodes. Secondly, to explore the performance limit of the
system, we formulate the weighted sum energy maximiza-
tion problems by considering three practical two-way relay-
ing strategies [24]-[26], i.e., AF, DF-XOR and DF-SUP.
Compared with previous result in [23] where only consid-
ered the AF protocol, the proposed two DF protocols with
the corresponding joint design scheme always yields better
EH performance. Thirdly, for three relaying protocols, the
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formulated optimization problems are nonconvex. To over-
come this issue, the primal optimization problem is decom-
posed into two subproblems. The first subproblem only
optimizes the beamforming vectors. We solve this nonconvex
problem by applying the technique of semidefinite program-
ming (SDP) [27]. The second subproblem only includes the
source transmit powers and PS ratios. We propose a novel
algorithm to find the optimal closed-form solutions of the
latter nonconvex subproblem by separating it into eight cases.
By this way, the objective problem can be tackled by the
proposed convergent iterative algorithm. Finally, we provide
numerical results to evaluate the performance of the proposed
joint optimal designs. It is shown that when the priority and
the distance of two source nodes are symmetric, the DF-XOR
relaying strategy outperforms the other two strategies. On
the other hand, while the distances of two source nodes are
asymmetric, by using the DF-SUP protocol and applying the
proposed joint design scheme, the furthest node can achieve
a higher EH efficiency.

D. ORGANIZATION

The remainder of this paper is organized as follows. The
SWIPT TWR system model is described in Section II.
In Section III, the weighted sum energy maximization prob-
lems are formulated for different relaying strategies. The
solutions for the associated optimization problems by using
suitable optimization tools are presented in Section IV. In
Section V, numerical simulation results are provided. Finally,
the paper is concluded in Section VI.

Notations: Boldface lowercase and uppercase letters
denote vectors and matrices, respectively. For a square matrix
A, AT, A*, A" Tr(A), Rank(A) and ||A|| denote its trans-
pose, conjugate, conjugate transpose, trace, rank, and Frobe-
nius norm, respectively. A > 0 indicates that A is a positive
semidefinite matrix. vec(A) denotes the vectorization opera-
tion by stacking the columns of A into a single vector a. E(-)
denotes the statistical expectation. ® denotes the Kronecker
product. @ stands for the XOR operator. 0 and I denote
the zero and identity matrix, respectively. The distribution
of a circular symmetric complex Gaussian vector with mean
vector x and covariance matrix X is denoted by CN(x, X).
C**Y denotes the x x y domain of complex matrices.

Il. SYSTEM MODEL
Consider a half-duplex TWR system consisting of two
single-antenna source nodes S; and S», where the two
sources exchange information via an N-antenna relay
node R, as shown in Fig. 1. The channel vectors from
S1 and Sy to the relay are denoted by h; and hy,
respectively, and the channels between the relay and Sy, S»
are denoted by g1 and g;, respectively. In order to improve the
spectral efficiency, the two-time slot TWR model is used to
realize bidirectional communications. Throughout this paper,
the following assumptions are considered:

e Since that the source nodes cannot communication with
each other directly due to that the direct link is blocked due
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FIGURE 1. Two-time slot TWR system, where each terminal coordinates
information decoding and energy harvesting.
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FIGURE 2. Energy harvesting and information processing relaying
protocol based on PS with splitting ratio p.

to long-distance path loss or obstacles [28], [29]. Therefore,
all the messages can only be exchanged with the help of the
relay.

e The relay is connected to the power grid, which implies
that it has access to reliable power at all times. However, the
source nodes are powered by the energy limited batteries, and
need to replenish their energy by wireless power transfer.

e Amongst the different relaying protocols, AF, DF-XOR
and DF-SUP schemes are applied at the relay node due to
their implementation simplicity [24]-[26].

e Quasi-static block fading channels are assumed, i.e., the
channels will not be changed in their current time slot, except
during other time slot. The use of such channels is motivated
by prior researches in the field [9]-[13], [19], [21] and the
practical considerations.

As shown in Fig. 2, we propose a two-phase PS-
based protocol for the TWR system. In the first phase of
duration T /2, two source nodes S and S; deliver their infor-
mation to the relay node R simultaneously. In the second
phase with the remaining time duration 7 /2, the received
information signal at R is processed by the aforementioned
relaying strategies and then forwarded to the source nodes.
With the assumption of the PS ratio, i.e., p, the transmit
signal at the relay can be used to complete the transferring
the information and the power simultaneously.

With above assumptions, the received signal at the relay at
the end of first phase, i.e., the multiple access (MAC) phase,
is given by

Yr = hix; +hoxo + g, (D
where x;, for i € {I,2}, represents the transmit signal
from node S; with the power constraint of E(|x;|?) = P;,
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and ng denotes the AWGN vector at the relay following
CN(0,a2Iy).

At second phase, also referred as broadcast (BC) phase,
upon receiving yg, the relay node performs certain processing
and forwards the new signal to the source nodes. The signal
transmitted from relay node can be expressed as

XR = X12 + X, ()

where x1; is the combined signal consisting of the mes-
sages from two nodes by using physical-layer network coding
(PLNC). Different from the conventional relaying protocols,
a new signal x is also serving as the part of the transmission.
If the optimal solution x = 0, the optimal relay strategy
in our considered network is essentially equivalent to the
pure TWR. If the optimal solution x # O, it provides that
more DoF to optimize power transfer from relay to the source
nodes.

Ill. RELAYING STRATEGIES AND OPTIMIZATION
PROBLEM FORMULATIONS

Based on the channel setup described in Section II, in this
section we shall present different transmit signals xz for the
TWR SWIPT system by considering three practical relay-
ing strategies. Moreover, to explore the system performance
limit, we formulate three optimization problems for these
strategies in this section.

A. AF RELAY STRATEGY

With the AF relaying strategy, the relay transmits signal
Xg in (2) can be expressed as xg = Whix; + Whoxy +
Wnr + x, where W denotes the precoding matrix at the
relay. Specifically, as shown in Fig. 2, letting p € (0, 1)
as the PS ratio, after converting the received signal into
baseband and performing self-interference cancelation (SIC),
the obtained signal at the source node is denoted as y; =
F(gTthl + g X + g/ Wng + ni4) + njc, where
i=2ifi=1landi = 1ifi =2, ny NCN(Oald)
and n;. ~ CN(0, ‘712, o) are the additive Gaussian noises
due to the antenna imperfection and the signal conversion,
respectively. Accordingly, the SINR at the node S; is given

o] 2
by SINRAF = Prig; Whil

s—. Meanwhile, since
e/ Qugr+o2llgl WIB+o7,+
the noise terms ‘at the EH receiver is ignored [10], the har-
vested energy E; during EH time 7' /2 is given by E; =
Luo(Igl Whe 2P; + | Whil2P; + gl Qug}), where 7 is the
energy conversion efficiency with 0 < n < 1 which depends
on the rectification process and the EH circuitry [10]. It is
worth noting that the self-interference is useful to the EH,
which is totally different from the conventional ID. Assuming
the relay node is with the maximum transmit power P;, i.e.,
Tr{]E(xRxg)} < P,, which is equivalent to P1||Wh1||% +

P|[Wha[3 +Tr(Qy) +07[|WI[7 < Pr, where Q; = E(xx")
is the covariance matrix of x. Then, the weighted sum energy
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maximization problem can be formulated as

P T P, T
max a(Ey — —)+ B(E, — —)
P1,P2,0,W,Q:>0 2 2

s.t. SINRM > ¢, i=1,2,
Pifpmax,i’ i= 1,2,
Tr{E(xgxi )} < P, ©)

where o and B correspond to the given energy weights for
the two EH receivers S; and S,, with o + 8 = 1, where the
larger weight value indicates a higher priority of transferring
energy to the corresponding EH receiver. t; and P,y ; denote
the minimum SINR requirement and the maximum transmit
power at node S;, respectively.

B. DF-XOR RELAY STRATEGY

With DF-XOR relaying strategy, if the relay node can decode
successfully the messages sent from both source nodes, the
transmit powers P and P> need to satisfy the following rate
region constraints [24], [30]

Pi|h

l||2)

P2||h2||
_ Ro < logy(1 + F2hally
Comc(R1, Ry = | F2 = loeall+ =57 @)
R1+R2<log2

det(@ + Byl + Znond),
R R

R < log,(1 +

where R; and P; are the transmit rate and the minimum trans-
mit power at the source nodes S;, for i € {1, 2}, respectively.
We assume that the messages sent from the nodes in the MAC
phase can be successfully decoded at the relay node. Let b;
denote the decoded bit sequence from S;, for i € {1, 2}. With
the DF-XOR relaying strategy, the combined bit sequence
is yielded as bjo = b; @ b;. Then the transmit signal in
the second time interval of 7' /2, denoted by xg in (2), can
be expressed as Xxg = $12 + X, where s7 is the modulated
signal of bit sequence by,. Using PS, the obtained signal at
the source node is denoted as y; = /T — p(g si> + g/ x +
niq) + nic. Subsequently, the SINR at the node S; can be

determined as SINR?‘OR = A . On the other
g ng:k+0'ld+(l7 p

hand, the harvested energy E; is givenas E; = - p(g, Qsg; +
g’ Q.g"),i=1,2. By assuming that the relay power con-
straint meet Tr{E(xgxf)} = Tr(Qy) + Tr(Qy) < P, the

corresponding optimization problem can be formulated as

P T P,T
max a(Ey — —) + B(E>» — —)
£,Qs>0,Q,>0
s.t. SINRXOR > ¢, i=1,2,
Tr{E(xgxp )} < P Q)

Note that here different from (3), it is not necessary to opti-
mize P; and P, as they are determined via the constraints
presented in (4).
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C. DF-SUP RELAY STRATEGY

In this subsection, we consider a case where the relay uses the
DF-SUP relaying strategy. Then the transmit signal Xz can be
expressed as Xg = s1 + s2 + X, where s; is the modulated
signal of bit sequence of node S;. By assuming a PS ratio,
p, the obtained signal at the source node is given by y; =
M(gfs#glrx—i-ni,d)—i-ni,c. Then, the SINR at the node S;

TQ. -g*
can be denoted as SINRiSUp = & Q8 . Meanwhile,
giTng?(+U,'2,d+li;
the harvested energy is given as E; = %,o(giTQs,lg;k +

giTQs,zg}" + giTng}"). Due to that the relay power constraint
Tr{ExgxE)} = Tr(Qy.1) + Tr(Qs2) + Tr(Qx) < Py, the
corresponding optimization problem can be formulated as

P\T P, T
max a(El — ——) + B(Ey — =)
pst, 1 ZOsQS,Z >0,Qy >0 2 2
s.t. SINRSUP > 7, i =1,2,
Tr{E(xgxp )} < P;. (6)

Similarly to (5), we are not necessary to optimize P; and P>
as they are determined by (4).

For different relaying strategies, we have formulated three
weighted sum energy maximization problems in (3), (5)
and (6). In the following sections, we will propose three
algorithms to solve these optimization problems.

IV. OPTIMAL DESIGN OF THREE MAXIMIZATION
PROBLEMS

For the AF relaying strategy, the optimization problem
in (3) is nonconvex due to not only the coupled beamforming
vectors {W, Q,} and the remaining parameters {P;, p} in both
the SINR and transmitted power constraints, but also all the
quadratic terms involving W. In general, it is difficult or
even intractable to obtain the global optimal solution of a
nonconvex problem [13], [22]. To deal with the nonconvex
optimization problem, we can decouple it by solving some
subproblems [31]. Thus, our idea is to optimize a portion of
variables with the remaining ones fixed to search the local
optimal solution [18]. More specifically, in the first step,
we fix P; and p, the resulting beamforming optimization
problem reduces to a nonconvex problem with a rank-one
constraint. The latter can be efficiently solved by using some
rank relaxation techniques [27]. In the second step, when the
beamforming vectors {W, Q,} are fixed, the resulting opti-
mization problem over {P;, p} is still a nonconvex problem.
However, as show later the optimal solution can be obtained
in closed-form by separating this subproblem into eight cases.
In the following, we first decouple problem (3) into two sub-
problems that can be solved separately, and then propose an
iterative algorithm to solve the joint optimization problem (3).
Finally, we show the iterative optimization algorithm can
converge. Similarly, we decouple problems (5) and (6) into
two subproblems. Different from (3), two subproblems from
(5) and (6) only involve the beamforming vectors and PS
ratios.
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A. JOINT DESIGN FOR AF RELAYING STRATEGY
Let us solve the two subproblems stemming from (3). In the
first subproblem, we try our best to find the solutions of W
and Q, with fixed P, P, and p values. In the second one,
we update the values of Py, P> and p by fixing the remaining
parameters.

1) Optimize W and Q. for fixed Py, P> and p: Note that
when fixing P1, P> and p, the problem of optimizing variables
W and Q; is equivalent to

wmax ap(lgl Why|?P, + |g] Why |*P + g7 Q.g})

T Nx

+ Bo(lgh Why [Py + |g] Why|*P, + g7 Q.g})
s.t. SINR; >1;, i=1,2.
Py[|Why |3 + P>||[Why||3 + Tr(Qx) + o 2| W[}
<P. (D
To find the optimal solution of problem (7), we conduct some

further transformations on (7). To be specific, we transform
|g{Wh2|2 and ||[Wh;| |§ into their equivalent forms as

g1 Wha|* = Tr(g] Whohi W g}) (8a)
= Tr(g}g] Whohy W) (8b)
= wi(h3h] ® gighw (8c)
= Tr((h5h] @ gig)ww'), (8
and similarly
|IWh |3 = Tr(Wh;h{' W) (9a)
= Tr(IWhh W#) (9b)
= w(hih! @ Dw (9¢)
= Tr((hth] ® DHww'), (9d)

where w = vec(W). In obtaining (8c) and (9¢), we have used
the identity

Tr(ABCD) = (vec(D" )T (CT @ A)vec(B). (10)

Similar to (8) and (9), we apply the above transformations
to other terms in (7). Let W 2 ww’, (7) can be rewritten as

_ max Tr(A1W) + Tr(B1Q,)

W>0,Q,0

s.t. Te(CYW) — Tr(zigie! Qr) > D}, i=1,2.
Tr(E; W) + Tr(Q,) < P,
Rank(W) = 1, (11)

where A; £ (Poh3h + Pihih!) ® (epgig] + Bogiel).
Bi £ apgigl + Bogyg; . C) = (Ph] — ol ® grg],

. 2
D £ (07, + %), and E; £ (Pihth! + Pohsh] + o21)
® I. Since the optimal solution of (11) is difficult to be
obtained, we construct an equivalent SDP problem as follows

max Tr(A1W) + Tr(B1 Q)

[

W>0,Q,>0
s.t. Tr(CYW) — Tr(rigig! Q) > DY, i=1,2.
Tr(EyW) + Tr(Q,) < P,. (12)
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Even that problem (12) is convex which can be efficiently
solved by CVX [32], however, it only holds for the existing
rank-one optimal solution of W. Consequently, we have the
following lemma.

Lemma 1: The rank-one optimal solution of the problem
in (12) always exists.

Proof: See Appendix A.

After acquiring the optimal rank-one solution of (12), we
can get the optimal solution of (11) and then the optimal
solution of (7).

2) Optimize Py, P and p for fixed W and Q,: In the second
step, we need to optimize the power P, P> and the power
ratio p with the remaining variables fixed. The corresponding
optimization problem can be reformulated as

PiT P T
max  a(Ep — —) +BE — —)
P1.P2,p
s.t. SINRYMY > ¢, i=1,2.
Py||Wh |[3 + P2|[Wha|[3 +Tr(Qx)
+ 07 lIWI7 < Pr.
0< P,' < Pmax,ia = 1, 2.
O<p<l. 13)
Similar to (8) and (9), we apply the transformations in (13).
As a result, the problem of optimizing the variables Py, P>
and p is equivalent to

max  ApPy + BypPy —aPy — P2+ Crp  (14a)

Py,P2,p

s.t. (ExPy — Do)(1 — p) > 107, (14b)
(G2P1 — Fy)(1 — p) > 103 ., (14c)
P1Jy + P2Ky < Pr — Ly, (14d)
0 < P1 < Ppax,1, (14e)
0 < Py < Ppax2, (141)
0<p<l. (14g)

where A, £ “"T|g Why |2 + ﬁ"T|g2Wh2|2 B, 2
“SlgWhi? £ PG Whiit, 2 2“0 +
BT glQ.e5 Dy £ (EQe] + oTlIE WIE + o7 .
B, - lgf Wha?, Fy £ (2] Q.83 +<r2||g2W||2 +azd)rz,
Gy £ |ghWhiP. 2 £ [[Why|. K> £ [[Why|[3 and
Ly £ Tr(Qy) + o7 |7

Problem (14) is still quite complicated as variables Py,
P> and p are coupled. To solve problem (14), we give the
following theorem.

Theorem 1: The optimal solution of problem (14) can be
obtained in closed-form by comparing the following eight
cases:

o When the constraints 14b and 14c hold with equality, the

optimal solutions {P7, P;, p*} are given by

2 2
o 110
" 1_/2);: +F2 " 1_;;: +D2
pPi=—"__ -~ pi=—"
G Ep

pr=1- IR (15)
a
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where a; £ —(A2D2Ga + BrEsFy + C2E2Gy), ap &
A2G2'C]0'ic + BzEﬂzG%,C + AyDyGy + BoEoF, +
CrE2Gy and a3 & OlEQTZ(T%’C + ,BGztlo'%’C.

When the constraints 14b and 14d hold with
equality, the optimal solutions {P}, P}, p*} are
given by

07 ¢
. _Pr—L-PK i | p,
£ _bi+b
JoEab3’

)

(16)

where b1 £ (Az]z — Bsz)‘ElO'] o b2 £ (O[Kz —
,3]2)‘[10'1 and by 2 A (PrEy—LyEy— D2K2)Bz+(AzDz+CzEz)Jz
c

When the constraints 14b and ]4e hold wzth
equality, the optimal solutions {P],P3, p*} are

given by
‘L’|0%’C
_1p th L Jeza
E, ’ Erc3

A7)

k K
P] =Pmax,l,P2

where ¢| = Aznafc, 2 & Briol . and ¢z =
A2D2+32E2Pmax 1+C2E2

When the constramts (14c) and (14d) hold with equality,

the optimal solutions {P7, P3, p*} are given by
f20§ c L F .
P + I P*:Pr — L, — P]J;
1 G2 ’ 2 K2 ’
dy +d
ot =1 1+d2 (18)
K2G2d3

where dj £ (BRKy — A2J2)T20'2 o d> £ (B2 —
A (PrGr—LrGy— lez)A2+(32F2+Csz)K2

Ole)‘L’zo’2 canddy =
When the constraints 14c and 14f hold wzth equality, the
optimal solutions {P], P;, p*} are given by

2
=+ e —e
l—p * * [€2 1
P>‘< = P = P ) - 1— 5
1 G, 2 max,2> P Gres

(19)

where e; £ Bzr202 o @ 2 anol, and e =
Bze-‘rAszPmax 2+Csz )

When the constraints (14d) and (14e) hold with
equality, the optimal solutions {P},P;,p*} are
given by

_ Pr _L2 _JZPmax,l
K> ’

2 2
107 . Do, I (20)
ExPs—Dy’ GPf—Fy

k k
P1 :Pmax,ly P2

*

o* = min{l —
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TABLE 1. The proposed iterative algorithm 1.

1: Set Lyaz = 1000 (maximum number of iterations); [ = 0;
e=10"° (convergence tolerance); Efiiff = 1000; E[l) =0.

2: Initialize P; = P42,1, P2 = Pnaz,2 and p = 0.5.

3 While B!, . > e and I < Liag do.
Calculate W and Q_ of problem (12) by CVX [32], then get the
optimal {W, Q. } of (7) by using eigenvalue decomposition (EVD).

5: Calculate P;, P> and p of problem (14) by substituting (15)~(22)

into (14a).

6: Calculate the corresponding harvested energy El1 and El2 and let the
weighted sum energy B . = a(E! — %) + B(EL — %)

7: Ezliiff=|E[l)_E£%F‘-

8 BNl =El.

9: l=1+1

10:  Until convergence.

o When the constraints (14d) and (14f) hold with equality,
the optimal solutions {P, P}, p*} are given by

P, — Ly, — K)P
PT _ r 2 J2 2 max,2’ P; _ Pmax,Z,
2 2
7105 . 7o
p* = min{l — —L1C_ 1 2} (1)
ExP; — Dy GPi — I

o When the constraints (14e) and (14f) hold with equality,
the optimal solutions {P7, P;, p*} are given by

PT:Pmax,L P§:Pmax,27
2 2
7107 . 05 .
p* = min{l — —L1C_ 1 2} (22)
ExP; — Dy GPi — I

Proof: See Appendix B.

We compare the objective function values by substituting
(15)~(22) into (14a) and select one with the highest objective
function value as the optimal solution.

3) Iterative optimization algorithm

By combining the solution processes in steps /) and 2),
the optimal design for AF relaying strategy can be achieved.
For clarity, the detailed procedure of the iterative optimization
algorithm is listed in Table 1.

Lemma 2: The proposed iterative algorithm listed in Table
1 converges.

Proof: See Appendix C.

B. JOINT DESIGN FOR DF-XOR RELAYING STRATEGY
In this subsection, we consider optimization problem (5)
where the relay node adopts the DF-XOR TWR strategy.
Similar to problem (3), we decouple problem (5) into two
subproblems. It is worth noting that here different from (3),
two subproblems from (5) only involve the beamforming
vectors and PS ratios, where P and P> are not necessary to be
optimized as they are determined via the constraints included
in (4).

1) Optimize Qg and Q for fixed p: Note that when fixing
p, the problem of optimizing variables Qg and Q, can be
equivalent to

T * T *
QS:IBI’E&CEO a(g; ngl + 2 ngl)

+B(2 Qs8> + 2, Q)
s.t. SINRXOR > ¢, i=1,2.
Tr(Qy) + Tr(Qy) = Py, (23)
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which is rewritten as

max Tr(A3Qys) + Tr(AzQy)
Q;>0,Q,>0

s.t. Tr(B3Qy) — Tr(r1B3Q,) > D3,
Tr(C3Qy) — Tr(12C3Qy) > E3,
Tr(Qs) + Tr(Qx) < Ph (24)

where A3 £ O‘g1g1 + 5g2g2, B3 = glgl > C3 = g2g2»

£ (0} at 1“)11 and E3 (02d + 12;;)” It is
easy to verlfy that (24) is a standard SDP problem. Thus,
its optimal solution {QF, Q}} can be easily obtained using
existing software, e.g., CVX [32].

2) Optimize p for fixed Qs and Qy: In the second step, we
need to optimize the PS ratio p with the remaining variables
fixed. The corresponding optimization problem can be refor-
mulated as

anT oT
max — P Qg +2(Qe) — 5P
BnT BT
+ —p(gz Qg +22Qugh) — 7P2
s.t. SINRf"R >, i=1,2.
0<p<l, (25)

which is equivalent to
T
max (A4 + Ba)p — E(“Pl + BP3)

s.t. Cy(l —p) = 107 .,

Dy(1 —p) > 726%,67

0<p<l, (26)
where A4 2 3" (g Qug] + &1 Qug)). Bs = '3 (2,Qi8; +
gngg;)’ C4 = 8 ngl (gl ngl + alyd)fl and Dy =
gg Qg5 — (gg Q.g5 + o% 2)72- According to the definition of
the minimum transmit powers in (4), the simplified PS design
problem yields the following problem

max (A4 + Bg)p

2

710

st. p<1-— l’c,
Cy
2
o

psl— 22
Dy

O0<p<l. 27

It can be observed that the objective function in (27) achieves

a higher value when one of the SINR constraints holds with
2
107,

equality Hence, the optimal solution p* = min{l — o

Tz(fzc

1 — —=°} can be obtained from problem (27).

3) Iteratzve optimization algorithm

Table 2 summarizes the overall algorithm to find the final
solution of (5). Note that Algorithm 2 differs from Algo-
rithm 1 in two main aspects: First, in step 1), the opti-
mal beamforming matrixes {Q}, Q}} can be easily obtained
due to the absence of rank-one constraint; and second,
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TABLE 2. The proposed iterative algorithm 2.

TABLE 3. The proposed iterative algorithm 3.

Set L;nq. = 1000 (maximum number of iterations); [ = 0;
e=10""5 (convergence tolerance); Eiliff =1000; E} = 0.

2: Initialize p = 0.5.
3: While Ed ff>sandl<Lmaz do.
4: Calculate Qs and Q. of problem (24) by CVX [32].
5: Calculate p using (27) for fixed {Qs, Qz }.
6: Calculate the corresponding harvested energy E’ and El and let the
weighted sum energy E'XOR =a(F! - PlT) + B(EL — P2T).
. i — gl !
7 E’lijrflf = ‘EL)*EXOR"
8: Et'=Elog.
9 I=1+1.

10:  Until convergence.

Set L;yq. = 1000 (maximum number of iterations); [ = 0;
e = 10~5 (convergence tolerance); E(lﬁff =1000; E} = 0.

2: Initialize p = 0.5.
3: While Ed i f > e and | < Lpqz do.
4: Calculate {Qg 1,Qs,2, Qz } of problem (29) by CVX [32].
5: Calculate p using (32) for fixed Qs,1, Qs,2 and Q.
6: Calculate the corresponding harvested energy El and E and let the
weighted sum energy ESUP =a(E! - PLT) + B(EL — PQT).
. i — gl ]
7: Eﬁflf =|E} — ELypl-
8:  E,t' = Elyp.
9: Il=1+1.

10:  Until convergence.

step 2) only involves PS ratios p, P and P, are not necessary
to be optimized.

C. JOINT DESIGN FOR DF-SUP RELAYING STRATEGY
In this subsection, we consider that the DF-SUP relaying
strategy is adopted at the relay node. To find the optimal solu-
tion of problem (6), We similarly decouple problem (6) into
two subproblems, and then propose an iterative algorithm to
obtain a finally solution of the original optimization problem.
1) Optimize Qy.1, Q5.2 and Q. for fixed p: In the first step,
we need to optimize the beamforming matrices Qs 1, Qs,2 and
Q, with the PS ratio p fixed. The corresponding optimization
problem can be formulated as

T * T * T *
ka,150,(r2r$);0,0xi0 a(g) Q187 + 8 Qs 287 + 81 Qig))

+ B(g) Qu1gh + 2 Q285 + 2, Qu2))
st SINRSVP > 7 i =1,2.

Tr(Qx,l) + Tr(QS,Z) +Tr(Qy) < Py, (28)

which is rewritten as

ma. Tr(A
Qs,liO,Qs,z);O,Qxio ( S(Qs,l + Qs,2 + Q)

s.t. Tr(B5Qy2) — Tr(t1BsQy) > Ds,
Tr(Cs5Qy,1) — Tr(12CsQy) > Es,
Tr(Qs 1)+ Tr(Qs 2) + Tr(Qy) < Py, (29)

where A5 = ozglgl +ﬂg2g2,Bs = glgl ,Cs £ gégg,Ds £

(0’1 T ;)11 and E5 £ (0’2d + 7 e £)72. Note that (29) is
a standard SDP problem. Thus, its 0pt1mal solution can be
easily obtained via CVX [32].

2) Optimize p for fixed Qs 1, Q5,2 and Qy: In the second
step, we need to optimize the PS ratio p with the remaining
variables fixed. The corresponding optimization problem can

be formulated as

anT oaT
max —p(ngQs,lgT +8] Q28+ Qig)) — P

BnT BT
+ —p(gz Q.85 +27Qu08) + 27 Q) — -

P
sit. SINRSUP > ¢, i=1,2.
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0<p<l, (30)

which is equivalent to
T
max (A6 + Bs)p — E(Ofpl + BP2)

s.t. Ce(1 —p) > ‘Elo'%’c,
De(1 - p) = 1205 .
0<p<l, (31)
there Ag & (g1 Q18 + ngQs 28} + ngngl) By &
(gz Qs 1g2 + 2> Qs Zgz + gz ngz) CG = 8 Qs,2g1
(g1 ngl +(71 d)Tl andD6 =8 Qs 1g2 (gnggi‘HT%’d)'Q-

Since P; and P, are determined based on the first phase,
problem (31) is simplified as

m;lx (A¢ + Bo)p

2
710
st. p<1-— 1’0,
Ce
2
7o
p=l——2¢
Deg
0<p<l. (32)

Similar to the problem (27), the optimal PS solution p*

min{1 — tlal < 1— rzaz ¢} can be obtained from problem (32).
3) Iteratzve optlmlzatlon algorithm
The proposed iterative algorithm for DF-SUP is summa-
rized in Table 3.

V. SIMULATION RESULTS

In this section, we numerically evaluate the performance of
the proposed energy harvesting schemes. The channel vectors
h; and g; are set to be Rayleigh fading, i.e., the elements of
each channel matrix or vector are complex Gaussian random
variables with zero mean and unit variance. The channel gain
is assumed to be the distance path loss model [24], which
can be estimates as g;; = ¢ - d;;", where ¢ and n denote
the attenuation constant and the path loss exponent with the
fixed values as 1 for ¢ and 3 for n, respectively. Moreover,
d; j denotes the distance between nodes i and j. We further

assume that the noise variances are equivalent, i.e., cri2 ¢ =
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Harvested energy (mJ)

Harvested energy (mJ)

(b)

FIGURE 3. Performance comparison for AF relaying strategy with
different priority at source nodes. (a) Symmetric case, di 5 = dg, S =
5 meters. (b) Asymmetric case, dR,s, =5 meters and dp s, = 10 meters.

U:Z,d = a% = o2 = 1W,and n = 50%, T = 1s.
In addition, the maximum transmit powers at the two sources,
if not specified, are fixed with Ppux.1 = Pmax2 = Pmax =
1.25 W. Moreover, the results given in the following exam-
ples are obtained by using 1000 independent channel realiza-
tions.

In Fig. 3, the harvested energy for AF relaying strategy
with different priority at source nodes is shown where the
relay node is assumed to be with N = 4 transmit antennas and
the distances are withdg 5, = dr 5, = Smetersanddg 5, = 5
meters, dg s, = 10 meters. From simulation results illustrated
in Fig. 3(a), for the case of equivalent distances between
the two source nodes and the relay, it is easy to see that if
S1 and S, are with the same priority, i.e., « = 8 = 0.5, the
two nodes can obtain a fair EH efficiency. When S7 and S»
have different priorities, i.e., « = 0.8 and 8 = 0.2, the node
S1 can harvest more energy since its energy weight factor
is set to be a larger value. However, it is noted that for the
asymmetric case as illustrated in Fig. 3(b), although S; and
S, are with the same priority, the node S; still harvests much
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The weighted sum energy (mJ)
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-

Energy ratio shared by 32

0.2
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(b)

FIGURE 4. Performance comparison for DF-XOR and DF-SUP relaying
strategy at the different scenarios. (a) The weighted sum energy of the
two source nodes with same priority. (b) Energy ratio shared by S, with
different priority.

lower energy. This is because that the location of S is far
away from the relay node R, which result in a very small
channel gain as compared to the near node. Nevertheless,
when with higher priority, i.e., 8 = 0.9, it is easy to see that
node S can share more energy for the harvested total energy,
which can provide an effective solution to the doubly-near-far
problem [2].

Secondly, in Fig. 4, for DF-XOR and DF-SUP relaying
strategy, we illustrate the weighted sum energy of the two
source nodes, i.e., Exor and Esyp, and the shared energy ratio
at the Sp node, i.e., %, in different distances and different
priorities. It is noted that in Fig. 4(a), compared with the
symmetric scenario, although S7 and S> have same priority,
ie., o = B = 0.5, the two source nodes still obtains much
lower the weighted sum energy in the asymmetric scenario.
Moreover, note that when the relay transmit power, P, is low,
the weighted sum energy of the two source nodes is negative,
which implies that the harvested energy from the relay is
smaller than the consumed energy for signal transmission.
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—6— DF-XOR
200 —B— DF-SUP
—*— AF
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The weighted sum energy (mJ)

-50

. Power allocation
5 10 15
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-100
0

FIGURE 5. Performance comparison with different schemes at
a=#=0.5, dR,S-l = dR,Sz =5andN = 4.

However, in the asymmetric case, when with higher priority,
ie., B =0.7and B8 = 0.9, in Fig. 4(b), we find that the node
S> all can share more energy for the harvested total energy
in different relaying strategies. This indicates that under the
asymmetric scenario, the doubly-near-far problem [2] could
be mitigated effectively by setting different EH priorities for
different source nodes. In addition, from Fig. 4(b), we also
find that when the distances of the two source nodes are
asymmetric, by using the DF-SUP strategy and applying the
proposed optimal energy harvesting scheme, the node S, can
achieve a higher EH efficiency.

In Fig. 5, for three relay strategies, we compare the
proposed joint optimization scheme with the other two
schemes, i.e., only precoding scheme and only power alloca-
tion scheme, respectively. For fair comparison, the priorities
and the distances of two source nodes are set to be the same,
ie,a = B = 05, drs, = drs, = 5 meters and the
number of antennas at relay is N = 4. In only precoding
scheme, the sources transmit power and PS ratio are P; =
Ppax.1, P2 = Ppax2 and p = 0.5. In only power allo-
cation scheme, besides above the setting, the beamforming
matrixes are identity matrices. From simulation results, for
three considered two-way relaying strategies, we find that
the joint optimization scheme achieves the optimal perfor-
mance as it uses the DoF of both power, PS ratio allocation
and precoding. Nevertheless, it is worth noting that when
the relay transmit power is small, the proposed joint design
scheme achieves lower the weighted sum energy than the
only power allocation scheme, and then outperforms the latter
as P, increases. The main reason is that the joint design
scheme can always use the maximum available relay transmit
power to improve the total harvested energy. Moreover, Fig. 5
also shows that the only precoding scheme can improve the
system performance and it performs much better than the
only power allocation scheme. In addition, we find that the
DF-XOR relaying strategy achieves the best performance,
and the DF-SUP relaying strategy outperforms the AF relay-
ing strategy. This indicates that DF relaying strategy has a
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FIGURE 6. Performance comparison for three relay strategies with
different transmit power at sources node.
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FIGURE 7. Performance comparison for three relay strategies with
different number of antennas at relay.

higher EH efficiency due to the assumption that the relay has
enough processing ability to correctly decode the received
signals. Moreover, combining the information using XOR is
better than using superposition since the power of the relay
node can be used more efficiently in the DF-XOR relaying
strategy.

The impact of the maximum source transmit power on
the weighted sum energy with three different relay strategies
is shown in Fig. 6. For fairness, we set « = g = 0.5,
dr,s, = dr,s, = 5 meters and P, = 10 W. In this case, with
all considered three relay strategies, we find that the weighted
sum energy is not improved as the maximum source transmit
power increases. The main reason is that unlike the relay, two
sources need to adjust its transmit power rather than using full
power. Thus, increasing the power budget of the source nodes
does not necessarily improve the performance.

Finally, in Fig. 7, we consider the impact of the number
of antennas at relay on the weighted sum energy. Here, the
setting of each node is the same with the one in Fig. 6.
From simulation results, it is observed that the weighted sum
energy steadily increases as more antennas are equipped at the
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relay due to the array gain. This demonstrates the significant
benefit by applying large or even massive antenna arrays for
efficiently implementing TWR SWIPT systems in practice.

VI. CONCLUSION

This paper studied the joint energy transmit beamforming and
power splitting design for a multi-antenna TWR system with
SWIPT. The weighted sum energy at two source nodes was
maximized subject to the constraints of the SINR and the
transmit powers. Considering three different relaying strate-
gies, the objective problems were first decomposed into two
subproblems and then be tackled by the proposed convergent
iterative algorithm. At each iteration, the optimal solution of
each subproblem can be found. The performance of three
relay strategies were compared and some practical implemen-
tation issues were also discussed. Simulation results show
that, when the priority and the distance of two source nodes
are symmetric, the DF-XOR relaying strategy performs better
than the other two strategies, while the distances of two source
nodes are asymmetric, the far node can achieve a higher EH
efficiency when it uses the DF-SUP strategy and applied the
proposed optimal scheme.

Appendix A

Proof of Lemma 1

Note that, problem (12) is a convex optimization problem, its
optimal solution can be easily obtained [32]. Let us denote
the optimal solution of W and Q, in (12) by W* and Qr,
respectively. It is easy to verify that W+ is an optimal solution
of the following optimization problem

max Tr(A1W)

W>0

s.t. Te(CYW) > DY + Tr(nigie! QF), i=1,2.
Tr(E; W) < P, — Tr(Q). (33)

According to Lemma 3.1 in [27], there exists an optimal
solution W* for the problem (33) such that

(Rank(W*))? < 3. (34)

It can tze verified that W* # 0. Thus, from (34), we have
Rank(W*) = 1. The proof of Lemma 1 is thus completed.

Appendix B

Proof of Theorem 1

Suppose that problem (14) is feasible and let {P}, P3, p*} and
f () denote the optimal solution and the objective function,
respectively. Next, we show that for problem (14), with the
optimal solution {P7], P;, p*}, either the SINR constraints
or the transmit power constraints must hold with equality.
We prove this result by contradiction. Namely, if the above
conditions are not satisfied, we can find another solution
of (14), denoted by {P!, P}, o'}, which achieves a higher
objective function value. First, suppose that the two SINR
constraints do not hold with equality. In this case, note that
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in problem (14), the two SINR constraints are equivalent to

2
T107 ..
pl<1— Lo (35)
EP,—D
and
2
o
Teo 22 36
P =TGP —F (56)
It can be obser\ged that when PS solution pf = min{l —
e g - (:;(172_‘1, }, i.e., one of the SINR constraints holds

EP,-D’
with equality, the objective function f (PT, P;, 1) = (ArpT —
,B)Pg + (szT — oz)PJlr + Csz achieves a higher value with
the same transmit power constraints. Hence, this assump-
tion is not true. Next, consider the case that the trans-
mit power constraints do not hold with equality. In this
case, if we want the PS solution p to increase to achieve
a higher value of objective function, the transmit power
solution P; increases, which leads to the conclusion that
at least a power constraint of (14d), (14e) and (14f) holds
with equality. Thus, the assumption that the transmit power
constraints do not hold with equality cannot be true. Hence,
we conclude that the optimal solution {P], P3, p*} makes
either the SINR or transmit power constraint must hold with
equality.

Moreover, given the optimal solution {P}, P3, p*}, we
can prove that at least two constraints of problem (14) are
achieved with equality. First, suppose that the optimal solu-
tion {P}, P}, p*} can be obtained if and only if the SINR
constraint (14b) holds with equality. In this case, we can
easily find another solution of P; for (14) while two trans-
mit power constraints (14d) or (14e) hold with equality. We
denote by IBT as the optimal solution of Py, it is easy to verify
that the value of the objective function under {P*, P}, p*}is
larger than that under {P7, P;, p*}. Hence, this assumption
cannot be true. Similarly, for all the other assumptions where
if and only if a constraint holds with equality, we can easily
prove these assumptions cannot be true too. In conclusion,
for the optimal solution {P], P}, p*}, there exist at least two
constraints of problem (14) holding with equality. Based on
the above observations, we can separate the problem (14)
into ten cases by setting the two SINR constraints (14b),
(14c) and the three transmit power constraints (14d), (14e),
(141) hold with equality. However, in the ten cases, when the
constraints (14b) and (14f) hold with equality, if we want
the objective function f(-) to increase, the transmit power
solution P; increases, which leads to the conclusion that the
constraints (14d) or (14e) are active. Hence, this combination
is included in (14d) and (14f) or (14e) and (14f) implies that
this case can be removed. Similarly, constraints (14c) and
(14e) combination will also be removed since this case was
contained in (14d) and (14e) or (14¢) and (14f). Therefore,
the optimal solution {P}, P35, p*} of problem (14) is able to
be obtained in closed-form by comparing following eight
cases.
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When the two SINR constraints (14b) and (14¢) hold with
equality, we obtain the following two equations

. r1‘71: +D2 . fzﬂz*c +F )
Py = —E2 , P = —62 . 37

By substituting (37) into (14a), the objective function f(p*)
can be equivalently written as

2 2
- ST Y
= —+
f(p*) = Azp” B 20 G
eir  M%eip v s
—o + ,
G N B 20", (38)
which is further equivalent to
a1(p*)? + axp* — a3
() = 2, (39)
ErGo(1 — p*)

where ay, a», az are defined as in (15) and a4 £ aFy/Gy +
BD»/E>. Hence, problem (14) is simplified as

max  f(p")

o*

s.t. PTJQ +P;K2 <P, — Lo,
0<PT§Pmax,l7
0<P§§Pmax,27
0<p*<l. (40)

To proceed to solve (40), we have the following lemma.

Lemma 3: The optimal solution p* = 1 — /al+Z+a3 can

be obtained in problem (40) while 0 < ay — a3 < —a;.
Proof: Please refer to Appendix D. Then we obtain the
optimal solution in (15).
When the constraints (14b) and (14d) hold with equality,
we obtain the following two equations
‘[16]
*‘ + Dy P, — L, — PiK
pr=1 T opr oI TRy
E; J
By substituting (41) into (14a), the objective function f(p*)
can be equivalently written as

—b3)2Ex(p*)* + (b32Ez + b1)p* + by
JoEx (1 — p*)

fp*) =

where by, by, bz are defined as in (16) and by =
(PrEy—LpEr—DrK)atDal2B (42) is equivalent to

JrEy
by + by by
*) = —b3(1 — p*) + -
f(p") 3(1—p%) (1 —p") Ik

+ b3 — by.
(43)
Then problem (14) is equivalent to the following problem

max  f(p")
P
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O<P;§Pmax,2s
0<p*<l. (44)

Similar to Lemma 3, when b3 > 0 and by + by < O, the
objective function f (p*) must have a maximum value, which
can be further derived from —b3(1 — p*) = % %1‘(4’}’2 . On
the other hand, to guarantee the optimal solution p satlsfymg
0 < p* < 1, we have by + by + JpE>b3 > 0, which results

in an optimal solution p* of problem (44) given as

by + by
L R . 45
p T Exbs (45)

We thus obtain the solution given in (16).
When the constraints (14b) and (14e) hold with equality,
we obtain the following two equations

197 ¢
= +D)
=
;zp—’ PT:Pmax,l' (46)
E

By substituting (46) into (14a), the objective function f(p*)
can be written as

—c3E2(p*)? + (c3Ex + c1)p* — 2

£ = B — i (47)
where ¢y, ¢a, c3 are defined asin (17) and ¢4 = %ﬁﬁl)z
(47) is equivalent to

Ccl —C Cl
* P 1 _ A% - s _
(™) = —c3( 'O)+E2(1—p*) E2+C3 cs.
(48)
Then problem (14) is simplified as
max  f(p*)
p*
2
0205,
<+ I
st Pr> 1
Gy
PiJy+ P3Ky, < P, — Lo,
0< P; = Pmax,Zv
0<p*<l. (49)

Due to the fact ¢c3 > 0, i.e., —c3 < 0. Similar to Lemma 3,
if % < 0,i.e., c; > cy, the objective function f(p*) must
have a maximum value, which can be inferred from a fact
—c3(1 — p%) = E;(‘I;_C;*). Note that, to guarantee the optimal
solution p* satistying 0 < p* < 1, ¢, must satisfy ¢cp <
c1 + Exc3. As a result, the optimal solution p* of problem
(49) can be derived as

[cr —
*—1— . 50
p Ercs 50

Then we obtain the optimal solution in (17).
When the constraints (14c) and (14d) hold with equality,
we obtain the following two equations

T262 L

+F P, —Ly— P
PT——Gz L P22 ;{Z 12 (51
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By substituting (51) into (14a), the objective function f(p*)
can be equivalently written as
—d3K>2Go(p*)? + (d3K2Go + dy)p* + do

K>Ga(1 — p*)

(") = — da,
(52)

where di, d», d3 are defined as in (18) and d4 £
(PrGa—LrGr—FrJ5) B+ Ko

ks . (52) is equivalent to
di+d> d|
N=—d3(1—p* dz — dy.
f(p®) 3(1—p™)+ KGo(l—p") K2G2+ 3 —dy
(53)
Then problem (14) can be rewritten as
max  f(p*)
p*
Wiip
S.t. E—2 =< P2 < Pmax,Z,
O<PT§Pmax,l,
0<p*<l. (54)

Similar to Lemma 3, when d3 > 0 and d; + dy < O, the
objective function f(p*) must have a maximum value, which

can be further derived from —dz(1 — p*) = Kzglzadz
When d; + dy + K2Gadz > 0, the optimal solution ,o’éoof

problem (54) can be derived as

di +dy
Fe=l— [ ——=. 55
Iy N KrGds (55)

Then we obtain the optimal solution in (18).
When the constraints (14c) and (14f) hold with equality,
we obtain the following two equations

102,
N = + F> N
1= s Pz = Pmax,2~ (56)
Gy

By substituting (56) into (14a), the objective function f(p*)
can be equivalently written as
—e3G2(p*)” + (3Ga + e1)p* — e

Ga(1 = p*)

where e, 3, e3 are defined asin (19) and e4
(57) is further equivalent to

fp*) =

—e4, (57)

2 BGPumarataks
G

F(0") = —e3(1 — p*)+ ——2 612+€3—e4. (58)

G (1 —-p*) G
Hence, problem (14) is simplified as
max  f(p*)
p*
Tldl c
ox T D2

s.t. P; E—,
2

PiJo+ P3K>, < P, — Lo,
0< PT =< Pmax,l’
0<p*<l. (59)
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Similar to Lemma 3, due to the fact that e3 > 0, if
% < 0, ie, e > ej, the objective function f(p*)

must have a maximum value, which can be inferred from
—e3(l —p") = = (1 . On the other hand, to guarantee
the optimal solutlon o* satlsfylng 0 < p* < 1, we must have
ey < e1 + Gpes, which implies that the optimal solution p*
of problem (59) can be derived as

[er — e
=1 . 60
p Goes (60)

Then we obtain the optimal solution in (19).
When the two transmit power constraints (14d) and (14e)
hold with equality, we obtain the following two equations
_ Pr _L2 _J2Pmax,l
K> ’
Based on (61), the two SINR constraints (14b) and (14c) can
be equivalently written as

PT = Pmax,h P; (61)

2
710
pr<1-— *—l’ca (62)
ExPs — Dy
and
2
0o
prel— 2 (63)
G P — F»
Note that, to guarantee the optimal solution p* satisfying
2
Tlal,z:
0 < p* < 1, we must have 0 < E:Pi-D; < 1 and

2
120'2.0 . . . . .
0 < GP-F < 1, which implies that the optimal solution

p* of problem (14) can be derived as

2 2
110 e
pr=min{l — ——1C_ 1 2} (64)
E2P2 — Dy G2P1 —F

Then we obtain the optimal solution in (20).
When the constraints (14d) and (14f) hold with equality,
we obtain the following two equations
Pt — Pr - L2 - KZPmux,2 (65)
1 7 .
Then, substituting (65) into (14b) and (14c), respectively, the
two SINR constraints can be equivalently written as

P; = Pmax,2,

Pl — (66)
ExP; — Dy
and
2
7205 .
Pl - (67)
GQPT —F
To guarantee the optimal solution p* satisfying 0 < p* < 1,
2
we must have 0 < % < land 0 < % < 1,

which implies that the optimal solution p* of pr(l)blem (14)
can be derived as

2 2
T]alc T20'2L‘
: —-}. (68)
2

E2Ps =Dy GyPi—F

o* = min{l —
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Then we obtain the optimal solution in (21).
When the constraints (14e) and (14f) hold with equality,
we obtain the following two equations

PT = Pmax,ly P; = Pmax,Z- (69)

Hence, the two SINR constraints (14b) and (14c) can be
equivalently written as

2

« ‘L’](TLC (70)
P =" mP—Dy
and
2
oF<1— _R%c (71)
- G2P>1k —F

Similar to above discussion, the optimal solution p* of prob-
lem (14) can be derived as

2 2
tlal,c t262,c

ExPs—Dy " GiPi—F

*

p* = min{l — b (72)
Then we obtain the optimal solution in (22). The proof of
Theorem 1 is thus completed.

Appendix C

Proof of Lemma 2

At the I iteration, since the two subproblems can be opti-
mally solved by steps 4 and 5 in Table 1, the objective
function value of problem (3) must monotonically nonde-
creasing for this step. Because if the objective value E} F will
decrease, we can keep the optimal solutions (wi-1, Qx_l} or
{Pll_l, Plz_l, pl _1} unchanged. In addition, the constraints of
problem (3) are bounded. Therefore, the objective value E AF
is bounded as well. Hence, we conclude that the proposed
iterative algorithm can converge. The proof of Lemma 2 is
thus completed.

Appendix D

Proof of Lemma 3

First, the objective function f(p*) in problem (40) is equiva-
lently written as

ai(p* = D+ ax(p* = )+ a1 + a2 — a3

(p*) = — a4,
! ExGy(1 — p*)
ai(l1—=p*  ar+a—a3 2a1+a .
= —_ — d4.
ExGo ExGy(1 — p*) ExGy
(73)

According to the property of the function f(x) = ax + ;l':’
the objective function f(p*) has a maximum value when

Fe < 0and al?+a3 < 0. Due to the fact that a; < 0 and
2G, 2Gy ’
E>G, > 0, we have E;lle < 0. Hence, ifa; +a» —a3 < 0,

i.e., ap — a3 < —ay, the objective function f(p*) must exist
the mgximum value, which can be inferred from the fact
011(51223[2) ) — E‘ZIG“LZ‘(’%:Z% Note that, to guarantee the optimal
solution p* satisfying 0 < p* < 1, we also let ap — a3 > 0.
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As a result, the optimal solution p* of problem (40) can be

derived as
pf=1-— /M' (74)
ay

Next, we show that a; + a; — a3 > 0 cannot happen at the
optimal solution p*. We prove this result by contradiction. In
this case, if we want the objective function f(p*) to increase
in (73), the optimal solution p* will be p* — 1, which
implies that the transmit power solution P} — oo. It is easy
to verify that the above case cannot happen due to the transmit
power constraints in problem (40). In conclusion, the optimal
solution p* of (40) can be obtained while 0 < ap —a3 < —a;.
The proof of Lemma 3 is thus completed.
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